pain control). Patients with anesthesia dolorosa or trigeminal deafferentation pain who had previously undergone ablative trigeminal procedures responded poorly to MCS. We encountered no perioperative complications. Conclusion: MCS is a safe and potentially effective therapy in certain patients with trigeminal neuropathy.
Despite extensive studies, pharmacological treatment of TNP or TDP remains limited to prescription of anticonvulsant and antidepressant drugs, which have demonstrated minimal therapeutic benefit. When surgical treatment of trigeminal neuralgia fails, some patients will suffer TDP for which there are few, if any, effective treatments [2] . Ablative treatments that are effective for trigeminal neuralgia, such as radiofrequency gangliolysis, glycerol rhizotomy, balloon compression or gamma knife rhizolysis, can, in fact, all lead to TDP. Deep brain stimulation of the sensory thalamus and periaqueductal or periventricular gray matter with stereotactic placement of electrodes has not proven to be efficacious for TNP or TDP [3] .
Motor cortex stimulation (MCS) was first performed by Tsubokawa et al. [4] to treat central pain and showed promising results. The potential benefits of MCS used to treat peripheral and central neuropathic pain have been described [5] ; however, there remains much to be investigated about the potential benefits of MCS technology with regard to TNP or TDP syndromes. Few investigators have examined the potential role of MCS as a strategy to treat TNP or TDP, and of those, most have reported relatively short follow-up results [3, [6] [7] [8] .
In this study, our aim was to examine the natural history of, and report our institutional experience with, MCS for treatment of TNP and TDP syndromes. Primarily, we examined the longevity of satisfactory pain control following MCS used to treat TNP and TDP, pain control outcome, initial response to trial stimulation, specific features of nonresponders and procedural complications.
Methods

Data Analysis
A retrospective case series review was undertaken, between January 2001 and December 2008, of patients who underwent surgical management of TNP or TDP at the Oregon Health & Science University by the senior author (K.J.B.) using MCS. The study was approved by the Oregon Health & Science University Institutional Review Board.
Patient data were collected for analysis and included demographics, clinical presentation, operative details including motor threshold and initial stimulation parameters, perioperative complications (if any), first follow-up pain control outcome, last follow-up pain control outcome, number of programming sessions, pain control longevity, and MCS system longevity and outcome.
Pain outcome after surgery was assessed by a 4-level scale; level 1: complete pain control, level 2: satisfactory pain control ( 1 50% pain relief), level 3: same pain level as before the procedure, and level 4: worse pain compared to initial presentation.
Pain control longevity, measured in months, was determined from a patient perspective; the periods of time with inadequate pain control prior to reprogramming were added and the total value subtracted from the total lifetime of the stimulator. The number of programming sessions for each individual was divided by the longevity of the stimulator to determine a session/year number for each subject, and then the mean number of sessions/ year was reported for the entire cohort and for subgroups within the cohort. Data are reported as means 8 standard deviation.
Surgical Technique
All patients underwent placement of 4-contact (Resume , Medtronic, Inc., Minn., USA) or 8-contact (Specify , Medtronic, Inc.) paddle electrodes in the epidural space overlying the motor cortex under general anesthesia without muscular blockade. Prior to the procedure, stereotactic magnetic resonance imaging was obtained to allow for intraoperative StealthStation navigation (Medtronic, Inc.). A 3-dimensional cortical model was reconstructed on the Stealth machine and the location of the central sulcus and facial eminence determined ( fig. 1 ). Preoperative antibiotics and steroids were administered. After general anesthesia was induced, a Mayfield skull clamp was applied to the patient's head using an ample amount of local anesthetic in anticipation of lightening anesthesia to determine the motor threshold for seizure induction. The patient was kept supine and the head tilted with the aid of a shoulder roll. A linear incision was made overlying the central sulcus after infiltration with anesthetics. Then a craniotomy centered over the central sulcus in the region of the facial eminence was made. The craniotomy was performed to accommodate for the size of a paddle electrode and to allow somatosensory evoked potential recording from the sensory cortex utilizing the electrode itself. Somatosensory evoked potential study with detection of N20-P20 phase reversal to identify the central sulcus was undertaken and the orientation of the motor cortex determined using navigation. The electrode was then placed along the orientation of the motor strip centered over the region of the facial eminence.
The electrode was then secured to the dura mater using 4-0 silk sutures. Next, the bone flap was replaced and secured with titanium plates. Extension cables were attached to the electrode and then tunneled through the skin for an external stimulator connection. Anesthesia was then lightened and patient communication established. Stimulation of the motor cortex was then achieved by connecting the electrode to an Ojemann cortical stimulator. Terrains of 1-ms pulse width and 50-Hz frequency were applied in an incremental fashion until facial twitches were encountered. This minimal amplitude at which twitches were encountered constitutes the motor threshold, which was considered when setting the maximum possible amplitude of stimulation in the postoperative period.
Once the threshold was established, anesthesia was deepened and closure completed. A postoperative computed tomography scan was performed for all patients. The patient was allowed to try the stimulation for up to 2 weeks while in the inpatient setting. Different combinations of stimulations were usually attempted with a goal of achieving a target pain reduction of 50% on the pain numerical rating scale. Initial stimulation parameters were as follows: amplitude 2-5 V, pulse width 120-450 ms, and frequency 30-50 Hz. When a reduction in facial pain of 6 50% compared to initial presentation is achieved, the patient underwent surgery for permanent implantation of an internal pulse generator (Soletra , Synergy , Medtronic, Inc.); however, if pain reduction was less than 50%, the trial was deemed a failure and the electrode was removed without placement of a permanent stimulator.
Results
Eleven patients (3 male, 8 female) underwent implantation of MCS electrodes for TNP or TDP. Mean patient age was 47.3 years (range, 31-76 years). Of the TNP patients, 3 had a prior dental procedure, 1 was the result of a previous facial trauma, 1 was due to trigeminal neuropathy following sinus surgery for Sluder's neuralgia, 1 was due to Wallenberg syndrome, 1 was the result of a previous sinus surgery, and 1 was due to idiopathic trigeminal neuropathy. Of the TDP patients, 2 had prior microvascular decompression (MVD) procedures for type 2 trigeminal neuralgia [1] and 1 had anesthesia dolorosa due to multiple interventions for prior trigeminal neuralgia that included a radiofrequency rhizotomy and MVD procedure ( table 1 ) . Mean pain duration prior to the procedure was 4.5 years (range, 1-12 years). Of the 11 patients who underwent MCS electrode placement, 8 (72%) patients experienced successful trials (a reduction in facial pain of 6 50% compared to initial presentation) and proceeded with placement of a permanent neurostimulator. The 3 patients who had unsatisfactory pain control (a reduction in facial pain of ! 50%) comprised 2 patients with TDP (1 patient with anesthesia dolorosa, 1 patient with prior MVD for trigeminal neuralgia, that was classified as trigeminal neuralgia type 2 [1] ), and 1 patient with TNP (idiopathic TNP). Of the 8 patients who underwent the full system implantation, 3 reported complete pain relief (level 1 pain control), 4 reported satisfactory pain relief (level 2 pain control), and 1 experienced no pain relief (level 2 pain control), all at the 2-week postoperative visit.
Five of 8 (62.5%) patients (group A) continued to experience adequate pain relief (level 1 and level 2 pain control) at the time of their last documented follow-up visit (the shortest being 6 months after implantation). Three of 8 (37.5%) patients (group B) discontinued stimulator use due to unsatisfactory pain relief (level 3 pain control) and subsequently had the stimulator removed after implantation at 7, 24, and 36 months. In 1 case, a patient reported at the last follow-up that the stimulator had provided adequate pain control for only 3 months of the total 36 months that the stimulator was in place.
The mean MCS system and pain control longevity for the entire cohort were 30.1 8 22 months (range, 6-72 months) and 22.6 8 21.9 months (range, 3-64 months), respectively. In group A, the mean MCS system and pain control longevity were 37.2 8 24 months (range, 6-72 months), and 33.6 8 21 months (range, 6-64 months), respectively. In group B, the mean MCS system and pain control longevity were 22.3 8 14.5 months (range, 7-36 months) and 4.3 8 1.5 months (range, 3-6 months), respectively.
The mean number of programming sessions/year for the entire cohort was 2.2. The mean number for group A and group B was 1.55 and 3.3 sessions/year, respectively. There were no perioperative complications related to the placement of the MCS device in our study cohort.
Discussion
Penfield and Jasper [9] first noted the involvement of the motor cortex in sensory phenomena when they reported a sensory response after stimulation of the precentral gyrus during an epilepsy surgery (the adjacent postcentral gyrus having previously been resected in this particular patient). Tsubokawa et al. [4] were the first to introduce MCS for treatment of central and neuropathic pain syndromes. Meyerson et al. [7] published the first use of MCS for the treatment of TNP or TDP, reporting that 5 of 12 patients had complete pain relief and 8 of 12 patients had some degree of pain relief 1 year after surgery. In 1996, Ebel et al. [6] screened 7 patients with MCS electrode implantation; 6 underwent a permanent MCS system implantation, 5 initially experienced 1 80% pain relief, of which 2 reportedly lost the beneficial effect over the ensuing months. In 1999, Nguyen et al. [8] reported a larger series of patients who underwent MCS for central pain, that included 11 patients with TNP or TDP, all of whom experienced 40-100% pain relief; the follow-up duration was, however, relatively short. The most recent series of MCS for TNP or TDP was reported by Brown and Pilitsis [3] who conducted a prospective study that screened 10 patients; 8 underwent permanent implantation, 6 of whom reported sustained pain relief at followup (range, 3-24 months). The results we present are similar to those of Ebel et al. [6] , whereby 8 of 11 patients passed initial screening and underwent permanent implantation and 5 of the 8 reported long-lasting pain relief after an initial period of success. Varying diagnostic nomenclature, such as central facial pain, neuropathic facial pain, or TNP, is used in most of the previous reports that detail the use of MCS for trigeminal neuropathy; however, despite the variability and based on Burchiel's classification of facial pain [1] , patients can all be described as having TNP or TDP.
Durability of MCS therapy use to treat TNP and TDP is a critical concern. The purpose of this study was to provide some insight into the expected longevity of the painrelieving effect of MCS in association with TNP or TDP. Our main findings indicate that despite seemingly appropriate candidacy, 3 of 11 patients failed initial screening placement and of the 8 patients who underwent permanent implantation of the MCS generator, 2 discontinued therapy in the first 6 months after implantation and the third had the stimulator removed after 3 years (all 3 patients reported adequate pain control for 6 months or less). Five of 8 patients (group A) who underwent permanent implantation of the MCS generator maintained treatment until the last documented follow-up, which included 1 patient with a follow-up of 6 months. Nevertheless, in group A, the mean MCS system longevity and pain control longevity were 37.2 and 33.6 months, respectively. With caution, one could infer that if a patient maintains adequate pain relief for more than 6 months following MCS implantation, the beneficial effect is sustainable.
Patients who have undergone permanent implantation of an MCS generator require multiple reprogramming sessions, the number of which is directly proportional to treatment durability. The mean number of programming sessions/year for the entire cohort was 2.2. The mean number for groups A and B were 1.55 and 3.3 sessions/ year, respectively. The higher average number of sessions per year for those who failed MCS therapy (group B) reflects more attempts to capture successful stimulation in this particular subgroup and a shorter duration of longevity compared with group A who experienced longer longevity overall.
Two of the 3 patients who failed the initial MCS electrode placement screening had TDP and 1 had idiopathic trigeminal neuropathy. Furthermore, 1 patient in group B (those who did not experience long-lasting pain relief) of our study also had TDP. In fact, all patients with TDP either failed the stimulation trial or subsequently failed permanent stimulation. Based on these limited observations, one could infer that TDP is resistant to MCS treatment.
In this case series, we demonstrate the difference between longevity of the MCS system and durability of pain relief. As we have indicated, 1 patient who clearly lost all beneficial MCS device effects within the first 3 months after treatment continued to harbor the device for 3 years before deciding to have it removed. Patients experienced periods of unsatisfactory pain relief within a broader duration of acceptable or satisfactory pain control, the most common example being the time period between loss of the MCS pain control effect and regaining pain control by reprogramming. While the difference between pain control longevity and MCS device longevity was crudely quantified in our current study, the notion of measuring the duration of improved pain control within the lifetime of a stimulator or neuromodulation device is a critical concept that indicates efficacy and should be further investigated.
Our institutional experience has not included any subdural electrode placements to date. We have also not encountered a situation where stimulation success was dependent on stimulation amplitude to the point of needing to increase amplitude beyond predetermined settings. Failures usually occur regardless of the stimulation amplitude and there is a ceiling as to how high stimulation can be elevated; 'motor' or 'seizure' threshold (approx. 8-10 V) delivered epidurally.
We are aware of the arbitrary nature of the 2-week trial duration and whether or not it might be considered too short to unequivocally deem a trial negative. However, extending a trial beyond 2 weeks would elevate the risk of infection after implantation. Given that most patients failed within the first 6 months of implantation, an alternate strategy would be to implant all candidates and consider the first 6 months a trial period; however, this strategy would come with increased costs.
We attempted to focus on pain control, initial response to trial stimulation, longevity of pain control, specific features of nonresponders and procedural complications. In conclusion, our case series suggests that MCS is a reasonable treatment option for patients with TNP. Once the MCS was implanted if passing the initial screening electrode trial, 62.5% of patients experienced satisfactory pain relief for an average of 33 months. Our results suggest that potential failure of MCS to control TNP or TDP will be evident within the first 6 months of implantation with TDP seemingly less responsive to MCS than TNP. MCS is safe and appears to be well tolerated by patients.
